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ABSTRACT 
Employing density-functional theory (DFT) calculations, the generalized-stacking-fault 
energy (GSFE) curves along two crystallographic slips, glide and shuffle, for both pristine 
graphene and impurity of boron (B) or nitrogen (N) doped graphene were examined. The effects 
of B and N doping on the GSFE were clarified and correlated with local electron interactions and 
bonding configurations. The GSFE data were then used to analyze dislocation dipole and core 
structure, and subsequently combined with the Peierls-Nabarro (P-N) model to examine the role 
of doping on several key characteristics of dislocations in graphene. We showed that the GSFE 
curve may be significantly altered by the presence of dopants, which subsequently leads to 
profound modulations of dislocation properties, such as increasing spontaneous pair-annihilation 
distance and reducing resistance to dislocation slip. Our results indicate that doping can play an 
important role in controlling dislocation density and microscopic plasticity in graphene, thereby 
providing critical insights for dopant-mediated defect engineering in graphene.  
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I. INTRODUCTION 
Graphene, a strictly two-dimensional monolayer material with atoms arranged in a 
hexagonal honeycomb lattice, exhibits many extraordinary physical and electronic properties1-6 
and attracts enormous research efforts.7-13 In particular, owing to its exceptional mechanical 
properties, graphene promises numerous possibilities in applications including composites,14-16 
pressure barriers,17 filters,18 and sensors,19-22 among others. However, various lattice defects, e.g., 
vacancies,23-26 Stone-Wales (SW) defects,24-27 dislocations23, 28-31 and grain boundaries (GBs),32-
34 will emerge accompanying the fabrication or growth of graphene. Those structural 
singularities are shown to degrade the mechanical properties of graphene,35-43 posting a 
significant limitation on the applications of graphene. 
One important class of lattice defects in graphene is dislocations. In a monolayer 
graphene, the dislocation is edge in nature. It has the form of pentagon-heptagon pair44 and is 
thermodynamically stable.45-46 Dislocations are also main constituents for many GBs30-31 and 
thus play a key role in determining the strength and fracture behaviors of polycrystalline 
graphene.37-42 As a result the knowledge of dislocations is of fundamental importance to the 
understanding of deformation and failure mechanisms in graphene. Besides lattice defects like 
dislocations, another category of defects often present in graphene is impurities. Impurities can 
come from various chemical processes during the synthesis of graphene33, 47 or intentionally 
introduced as dopants to modify the electronic properties of graphene.48-51 Among various 
impurity atoms, B and N atoms are of particular interest given their similarities to C atom52-54 
and their importance as dopants (i.e., B and N are common p-type and n-type dopants 
respectively55-58) to tune the electronic properties of graphene. With dislocations and impurities 
coexisting in graphene, they may interact to further influence the properties of graphene in 
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addition to their own individual effects on graphene. In particular, the impurity atoms, often of 
different atomic radii from the C atom, will tend to migrate towards dislocations to reduce the 
overall strain energy. The segregation will lead to clouds of impurities at dislocations, thus 
necessarily modify the mechanics and dynamics of dislocations.  
In this paper, we investigate the slip properties of dislocations in graphene and the effects 
of B and N impurities within the framework of the generalized-stacking-fault energy (GSFE) 
curve proposed by Vitek.59-60 The GSFE curve yields critical information of the energy cost 
associated with the slip/shearing of lattice during dislocation motions. It also provides important 
inputs for the Peierls-Nabarro (P-N) model that enables continuum examination of the 
dislocation characteristics.61-67 The GSFE curves along two different slip directions, with or 
without dopants (i.e., B and/or N) in graphene, were computed using first-principle calculations. 
The influence of impurities on the dislocation characteristics and slip mechanisms were then 
examined analytically within the P-N model. In the end the implications of B and N doping on 
plastic deformation in graphene were discussed.  
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II. COMPUTATIONAL METHOD 
To obtain the GSFE curves, spin polarized density-functional theory (DFT)68-69 
calculations were performed using the Vienna Ab-initio Simulation Package (VASP).70 The 
simulation cells for the GSFE calculations are illustrated in Figure 1. In each simulation cell, a 
zigzag graphene nanoribbon of width around 29 Å and with edges passivated by hydrogen atoms, 
is enclosed. The lattice constant used to construct the nanoribbon is 2.46 Å, the one obtained 
from the perfect monolayer graphene, in agreement with values previously reported.71-73 The 
simulation cell’s dimension along the armchair direction is chosen as 49 Å and its dimension 
perpendicular to the monolayer is set as 15 Å in order to eliminate the interlayer interactions, 
whilst the cell’s dimension along the zigzag direction varies (see below) depending on the 
simulation. Two types of crystallographic slips are considered, illustrated in Figure 1, termed as 
glide and shuffle slips according to Ref. 74, with the slip lines indicated by dashed black and 
dash-dot red lines respectively. To compute the GSFE curve, the atoms on one side of the slip 
line (cf. Figure 1) are displaced with respect to the other side, and the attendant energy cost per 
unit length, i.e., the GSFE  associated with the slip displacement  is monitored. The slip 
process and the following relaxation are in accordance with previous studies.59, 66, 74 To examine 
the effects of B and/or N impurity atoms on the GSFE, they are introduced to substitute C atoms 
either along the slip line or along the atomic row immediately neighboring the slip line. For 
simplicity we use acronyms AS and NS as superscripts to indicate dopants along and immediately 
neighboring the slip line respectively. We define the line concentration of the impurity  (= B 
or N), denoted as c, as the line density of the impurity normalized by the corresponding line 
density of C in the pristine graphene. Depending on the amount of impurities within the system, 
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different dimension along the zigzag direction is used for the simulation cell, ranging from 4.9 Å 
to 24.6 Å.75    
In the DFT calculation, the exchange correlation functions are approximated by 
generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE).76 The 
electron-ion interactions for elements C, B, and N are described using the projector augmented 
wave (PAW) method.77 The plane wave basis cut off of 500 eV is used for all calculations. The 
ion positions were relaxed with the force tolerance being 0.03 eV/Å.78   
 
Figure 1. The simulation cells for (a) the pristine graphene, and four representative configurations of 
graphene doped by impurities, i.e., the configurations where the graphene is doped with (b) B of 
concentration cB = 0.5 and (c) N of concentration of cN = 0.5 along the glide slip line (black dash) or 
equivalently along the row of atoms immediately neighboring the shuffle slip line (red dash-dot), and (d) 
B of concentration cB = 0.5 and (e) N of concentration cN = 0.5 along the shuffle slip line (red dash-dot) or 
equivalently along the row of atoms immediately neighboring the glide slip line (black dash). The free-
edges of the graphene sheet are passivated by hydrogen atoms. The C, B, N, and H atoms are colored by 
brown, green, silver and rose respectively.   
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III. RESULTS AND DISCUSSIONS 
3.1. GSFE curves along glide direction 
The GSFE curve for the glide slip in pristine graphene is plotted in Figure 2a, showing a 
wide plateau between  = 0.25b and  = 0.75b, with b denoting the magnitude of the Burgers 
vector. The curve also exhibits a local minimum, i.e., the meta-stable stacking fault energy sf, at 
 = 0.5b, that is slightly lower than the unstable stacking fault energy usf, suggesting the 
possibility of a full dislocation dissociating into two partials with a weak tendency. Figure 2a 
also shows two representative GSFE curves with BAS and NAS doping respectively, from which 
we note that both BAS and NAS doping lead to overall decrease of GSFE. In addition we see that 
doping noticeably modifies the shape of the GSFE curve, and it appears that NAS doping 
amplifies while BAS doping moderates or even eliminates the local GSFE valley at  = 0.5b. The 
effects of doping are further illustrated in Figures 2b and 2c where usf, sf, and usf - sf, are 
plotted as functions of the dopant concentration, c, showing that both usf and sf monotonically 
decrease as the dopant concentration increases, with the reduction being more pronounced in the 
case of BAS doping. Meanwhile usf - sf overall increases as cN increases but quickly approaches 
zero as cB increases. At high concentrations of B
AS doping (i.e., cB > 20%, indicated by solid 
triangles in Figure 2c), usf - sf becomes zero, indicating that the meta-stable stacking fault no 
longer exists. 
The effects of dopants when they reside along the atomic row immediately neighboring 
the glide slip line are also shown in Figure 2. As illustrated in Figure 2d, NNS doping leads to a 
slight increase in the GSFE while BNS doping decreases the GFSE, yet in both cases the shape of 
the GSFE curve remains largely unaltered. These trends are also reflected in the usf and sf plots 
in Figure 2e, where usf and sf monotonic climb and decline as cN and cB increase respectively. 
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For the quantity, usf - sf (cf. Figure 2f), it exhibits a slight increase with NNS doping but quickly 
diminishes with BNS doping, being somewhat similar as the ones observed in the case with 
dopants along the slip line.   
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Figure 2. Sample GSFE curves for graphene (open circles) and graphene with B (solid triangles) and N 
(solid squares) doping along (a) the glide slip line and (d) atomic row immediately neighboring the glide 
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slip line. The unstable and stable stacking fault energies, usf (open symbols) and sf (solid symbols), and 
their difference,usf - sf, as functions of the dopant concentration are shown in (b) and (c) respectively for 
doping along the glide slip line, and (e) and (f) respectively for doping along atomic row immediately 
neighboring the glide slip line. The acronyms AS and NS indicate dopants along and immediately 
neighboring the slip line respectively. 
 To understand the effects of B and N doping on the GSFE, the formation energies 
(denoted as Ω) to incorporate them into a pristine graphene sheet were calculated:79-80 
 [ ] [ ] ,X CE X E G        (1)  
where E[X] is the total energy of the supercell with one impurity atom (X = B or N), and E[G] is 
the total energy of the graphene supercell. 𝜇𝑋  and 𝜇𝐶  are the chemical potentials for the impurity 
(X = B or N) and C respectively, obtained from α-boron bulk, N2 molecule and pristine graphene 
sheet.79 The formation energies for B and N are obtained to be 1.00 eV and 0.63 eV respectively, 
both being positive and in agreement with the values previously reported.79, 81-82 This suggests 
the order of C-C > C-N > C-B in bond strength. Therefore, the energy required for the slip would 
thus be lower with dopants along the slip line, consistent with the overall doping induced 
decrement in GSFE shown in Figure 2a. We further plot the evolutions of the charge density and 
local bonding configuration in order to closely examine the slip process. Figure 3a shows the 
charge density plots for pristine graphene and graphene with dopants directly along the slip line 
at different stages during the slip process.83 As the slip displacement  increases, one of the 
bonds between C and C (or N, B) atoms (per unit cell) is gradually broken. Following the bond 
breakage, the atoms along the slip line will feature unpaired electrons. They can either interact 
with the adjacent atoms across the slip or with the neighboring  systems away from the slip. 
Figure 3b schematically illustrates the local bonding configurations at b for pristine and 
impurity-doped graphene. In the cases of pristine and NAS doped graphene, C and N have more 
than one unpaired electrons, which can promote the formation of  a triple bond across the slip to 
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stabilize the system, resulting a local minimum, i.e., sf, at  = 0.5b (cf. Figure 2a). Nonetheless, 
the extra electron in the case of C-N pair likely leads to stronger charge interaction to further aid 
the triple bond formation, thus yielding a more stable bonding at  = 0.5b (cf. Figure 2a). In the 
cases of BAS doping, since there is only one unpaired electron in B atom, triple bond formation 
across the slip is unlikely. Instead, the unpaired electron in B may pair with the neighboring  
system away from the slip (cf. Figure 3b). Consequently no sf is expected in the case of BAS 
doping. The above bonding processes are also evidenced by the evolution of bond length84 across 
the slip in Figure 3c, showing that the interatomic distance of C-N pair being the smallest while 
the one of C-B pair being the largest. Furthermore, we can note from the charge density plots in 
Figure 3a that (at  = 0.5b) there is strong presence of charge between C-N and C-C pairs but 
little charge density between the C-B pair across the slip.    
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Figure 3. (a) Charge density plots for pristine graphene (top row), graphene with NAS doping (middle row) 
and graphene with BAS doping (bottom row) at three representative slip displacements along the glide line. 
Relevant C, N, and B atoms are highlighted by open circles, squares, and triangles respectively. (b) 
Schematic plot showing the bond reforming at  = 0.5b, where the relevant unpaired valence shell 
electrons of C, N, and B are indicated by black, blue and red dots respectively. The dotted lines represent 
the unpaired electron interactions. (c) The evolution of C-C, C-N, and C-B pair distance85 across the slip 
line during the glide slip process. 
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When the dopants reside along the atomic row neighboring the slip line, they are not 
directly involved in the slip deformation and the bond breakage always occurs at the C-C bond. 
This is well indicated by the invariance in the GSFE curve at small slip deformation, i.e.,  < 
0.15b (and symmetrically 0.85b <  < b) regardless of dopant type or concentration (cf. Figure 
2d). The influence of doping on the GSFE becomes noticeable at large slip deformation (i.e., 
0.2b <  < 0.8b) where one C-C bond (per unit cell) across the slip is broken. As previously 
mentioned, the unpaired electron resulted from bond breakage may either interact with the 
adjacent atoms across the slip or with the neighboring  systems, and the triple bond formation 
across the slip would lower the overall energy. From the charge density plots shown in Figure 4a 
(e.g., at  = 0.5b), NNS doping features high charge density between the C-N pair while in 
contrast BNS doping features very weak charge presence. Therefore the unpaired electron would 
favor interaction with its neighboring  system in the case of NNS doping but prefer formation of 
a triple bond in the case of BNS doping (cf. Figure 4b). The above competition associated with the 
unpaired electron is also well demonstrated by the evolution of bond length (i.e., for C-N, C-B 
and C-C bonds) shown in Figure 4c, where we note that beyond a small slip deformation the C-N 
and C-B pairs exhibit the shortest and largest bond lengths respectively. In particular we note 
that the dopant-induced bond length modification is much smaller in NNS doping than BNS doping, 
consistent with the magnitude of dopant-induced influence on the GSFE in Figure 2d.   
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Figure 4. (a) Charge density plots for pristine graphene (top row), graphene with NNS doping (middle row) 
and graphene with BNS doping (bottom row) at three representative slip displacements along the glide line. 
Relevant C, N, and B atoms are highlighted by open circles, squares, and triangles respectively. (b) 
Schematic plot showing the bond reforming at  = 0.5b, where the relevant unpaired valence shell 
electrons of C and N are indicated by black and blue dots respectively. The dotted lines represent the 
unpaired electron interactions. (c) The evolution of C-C, C-N, and C-B pair distance85 immediately 
neighboring the slip line during the glide slip process. 
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3.2. GSFE curves along shuffle direction 
For the case of shuffle slip, the GSFE curves for the pristine graphene and two 
representative cases with BAS and NAS doping along the slip line respectively are presented in 
Figure 5a, showing that doping lowers the GSFE curve. It is shown in Figure 5b that usf 
decreases roughly in a linear fashion as the dopant (BAS and NAS) concentration increases, with 
the reduction in usf being more pronounced in the case of NAS doping. One thing to note is that 
unlike the GSFE curve for the glide slip, the GSFE curve for the shuffle slip does not exhibit a 
meta-stable stacking fault, with or without dopants (either along or neighboring the slip line). 
Thus sf is non-existent for the shuffle slip. Another observation worth noting is that NAS doping 
leads to a seemingly wide plateau in the middle of GSFE curve (i.e., the regime between  = 
0.25b and  = 0.75b). On the other hand, the influence of dopants on the GSFE is rather limited 
when they sit along the atomic row immediately neighboring the shuffle slip line, shown in 
Figures 5c-d. From the plots of usf as functions of dopant concentration in Figure 5d, we note 
that BNS doping hardly affect usf, while NNS doping leads to small but noticeable reduction in usf. 
Additionally, NNS doping also tends to flatten the GSFE curve around  = 0.5b (cf. Figure 5c), 
similar to the case of NAS doping (cf. Figure 5a). 
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Figure 5. Sample GSFE curves for graphene (open circles) and graphene with B (solid triangles) and N 
(solid squares) doping along (a) the shuffle slip line and (c) atomic row immediately neighboring the 
shuffle slip line. The unstable usf as functions of the dopant concentration is shown in (b) for doping 
along the shuffle slip line, and (d) for doping along atomic row immediately neighboring the shuffle slip 
line. The acronyms AS and NS indicate dopants along and immediately neighboring the slip line 
respectively. 
 The corresponding charge density contours for the shuffle slip is illustrated in Figures 6a 
and 6b for the pristine graphene, graphene with NAS and NNS doping and graphene with BAS and 
BNS doping respectively. Like the case of the glide slip with impurities along the slip line, doping 
renders some bonds across the slip plane from the stronger C-C to weaker C-N and C-B bonds, 
thus reducing the net energy required for breaking the bonds during the slip and lowering the 
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GSFE (cf. Figure 5a). As seen in Figure 6a, the charge density along the slip line reaches the 
minimum level at  = 0.5b, showing continuous wavy pathway with virtually zero charge. This 
suggests that no meta-stable stacking fault exists in shuffle slip and at  = 0.5b where usf ensues, 
all bonds across the shuffle slip line are broken. When the dopants reside along the atomic row 
neighboring the shuffle slip line, their influence on the GSFE is much limited as expected. 
Similar to those shown in Figure 6a, the charge density contours presented in Figure 6b also 
clearly show a near zero charge density pathway following the breaking of C-C bonds across the 
slip, suggesting the absence of sf. Another observation drawn from the charge density contours 
in Figure 6 is that the strong charge presence associated with N atoms seemingly helps 
strengthen C-N interactions post the bond breakage. This compensates the energy cost required 
for slipping, providing a possible explanation for the middle flat plateau in the GSFE curve under 
NAS (cf. Figure 5a) and NNS (cf. Figure 5c) doping.  
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Figure 6. Charge density plots for (a) pristine graphene (top row), graphene with NAS doping (middle row) 
and graphene with BAS doping (bottom row) and (b) pristine graphene (top row), graphene with NNS 
doping (middle row) and graphene with BNS doping (bottom row) at three representative slip 
displacements along the shuffle line. Relevant C, N, and B atoms are highlighted by open circles, squares, 
and triangles respectively. 
3.3. Effects of doping on dislocation dipoles and core dissociation   
The GSFE curves provide essential information on the stability of dislocation dipoles and 
structural characteristics of single dislocations. Considering a dislocation dipole where the two 
19 
 
dislocations are separated by a distance d, it would be stable against annealing under the 
following condition:  
 
2
,
4
pa
usf
Kb
d d

   (2)  
where dpa is the minimum spacing to avoid annihilation, i.e., the spontaneous pair-annihilation 
distance, and K is the effective elastic constant.74 The value of K was obtained by Ariza and 
Ortiz as 15.49 eV/Å2. Equation 2 above derives from the stability condition that the elastic 
energy released by annihilation cannot exceed the energy barrier usf. The dpa values as functions 
of dopant concentration c are shown in Figures. 7a and 7b for the glide and shuffle slips 
respectively.  
For the glide slip, the pristine graphene exhibits a dpa of 2.1b, close to the value 
previously reported by Ariza et al.74 using an AIREBO potential. From Figure 7a, we see that dpa 
increases under BAS, NAS and BNS doping while slightly decreases under NNS doping. For the 
shuffle slip, it is shown in Figure 7b that dpa increases under B
AS, NAS and NNS doping while 
remains largely unchanged under BNS doping. In both the glide and shuffle slip, we see that 
doping can lead to as much as one-fold increase in dpa. This suggests that B or N doping 
(particularly along the slip) provides a way to eliminate dislocation dipoles of small separations 
and thus reduce dislocation density in graphene. However, given that dpa remains quite small (< 
5b) even at very high dopant concentrations (cf. Figures 7a-b), the doping-induced dipole 
annihilation would only become relevant in heavily deformed graphene.  
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Figure 7. The spontaneous pair-annihilation distance, dpa, normalized by the magnitude of the Burgers 
vector, b, for the (a) glide slip and (b) shuffle slip, as functions of dopant concentrations. (c) The 
equilibrium separation, deq, between two split dislocation partials in the glide slip. The solid square, solid 
triangle, open square and open triangle indicate NAS, BAS (no sf  exists for doping BAS and thus no deq is 
calculated for cB > 20%), N
NS and BNS doping respectively. 
For a standing-alone dislocation, the GSFE enables quantitative analysis of the core 
structure. Considering a simple scenario where the dislocation core is symmetrically split into 
two partials of Burgers vector b/2 separated by a stacking-fault ribbon. Balancing the repulsive 
elastic force and the attracted force due to the stacking-fault ribbon leads to:86 
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which gives the equilibrium separation, deq, between the partials:   
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The core dissociation is only relevant in the case of glide slip as the shuffle slip does not exhibits 
a meta-stable stacking fault in the GSFE. The deq values as functions of dopant concentration c 
are shown in Figure 7c (no sf exists for doping BAS from cB > 20%), from which we can see that 
the NAS and BNS doping promote core splitting while NNS inhibits core splitting. In the case of BAS 
doping, it favors core splitting at small dopant concentration, i.e., cB < 20%, but completely 
forbids core splitting at higher dopant concentration. Nonetheless overall we see from Figure 7c 
that deq is always less than b,
87 implying in general core dissociation does not happen.  
 
3.4. Micromechanical analysis using Peierls-Nabarro (P-N) model 
The GSFE curve also provides essential inputs for the P-N model61-62 to enable analysis 
of dislocation motions within the continuum framework. The motions of dislocations are directly 
responsible for plastic deformation in the material. The slip of a straight dislocation through the 
crystal lattice results in periodic variation in energy, derived from misfit energy W(u) over the 
slip plane. For a narrow dislocation, W(u) is approximated as:65 
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where K is the effective elastic constant previously introduced (cf. eq 2), 𝑎′ is the atomic repeat 
distance along the slip direction, set as b for graphene,88 ξ is the half width or core radius of the 
dislocation, and u is the dislocation translational distance. To enable the dislocation motion, an 
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energy barrier, i.e., the Peierls barrier, defined as the maximal variation of W(u), has to be 
overcome.86 The minimum stress to drive the dislocation over the Peierls barrier Wp is the Peierls 
stress p.61-62, 86, 89 p is defined as the maximum derivative of the misfit energy:65 
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which follows to yield:65 
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where τmax is the maximal slope of the corresponding GSFE curve,90 and can be regarded as the 
theoretical shear strength along the slip direction. The parameter ξ is related to τmax as:65 
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Equations 7-8 were shown to provide good predictions of the Peierls stress for narrow 
dislocations satisfying  𝜉 𝑎′⁄ < 1.65  
Using the above eqs 5-8, we evaluate Wp (Peierls barrier), p (Peierls stress), τmax 
(theoretical shear strength) and ξ (dislocation core radius) for dislocations in pristine and 
impurity (B or N) doped graphene, shown in Figures 8 and 9 for the glide and shuffle slip 
respectively. For pristine graphene, the dislocation core radius is calculated to be 0.91 Å for the 
glide slip and 1.08 Å for the shuffle slip, consistent with core radii reported, e.g., 1.20 Å by 
fitting local-density approximation calculations91 and 0.96 Å by using least-squares fit of the 
Read-Shockley equation.44 Also we can note that in pristine graphene the glide direction is more 
resistant to slip, exhibiting higher Wp, p, and τmax than the shuffle direction. The higher slip 
resistance may derive from the fact that the glide slip involves distortion/breakage of two bonds 
per atom compared to just one bond per atom during the shuffle slip, as suggested in Ref. 74.  
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For impurity-doped graphene, the results for the glide slip are shown in Figure 8, 
showing that Wp, p and τmax decrease while ξ increases with increasing amount of BAS, NAS or 
BNS doping. The opposite trend in ξ with respect to the other three parameters is expected as a 
wider core would lead to larger Peierls barrier and Peierls stress.63, 92 On the other hand, the NNS 
doping exerts little influence on all four parameters. In the case of the shuffle slip, we see from 
Figure 9 that Wp, p and τmax decrease while ξ increases with increasing amount of BAS or NAS 
doping. Meanwhile these parameters are rather indifferent to BNS and NNS doping. Also we can 
note that overall the effect of doping is less pronounced for the shuffle slip than the glide slip, 
particularly for N. In particular we see that with sufficient BAS doping, Wp, p and τmax of the 
glide slip can be rendered to be much lower than the shuffle slip despite the glide direction being 
more slip-resistant in pristine graphene.  
The shear strength of graphene was previously studied by Min and Aluru,93 being ~ 60 
GPa. From Figures 8 and 9, the Peierls stresses are 88 GPa and 63 GPa for the glide and shuffle 
slips respectively, both being higher than those shear strength values reported, suggesting that 
dislocation motions are not possible in pristine graphene. Nonetheless, the introduction of B or N 
dopants can reduce the Peierls stress below the shear strength of graphene (cf. Figures 8d and 9d) 
to activate dislocation motions, and thus facilitate plasticity in graphene.   
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Figure 8. The evolution of (a) theoretical shear strength, τmax, (b) core radius, ξ, (c) Peierls barrier, Wp, 
and (d) Peierls stress, p, as the dopant concentration varies. The solid square, solid triangle, open square 
and open triangle indicate NAS, BAS, NNS and BNS doping respectively.    
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Figure 9. The evolution of (a) theoretical shear strength, τmax, (b) core radius, ξ, (c) Peierls barrier, Wp, 
and (d) Peierls stress, p, as the dopant concentration varies. The solid square, solid triangle, open square 
and open triangle indicate NAS, BAS, NNS and BNS doping respectively.    
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IV. CONCLUSIONS 
 In summary, the generalized-stacking-fault energy (GSFE) curves along two 
crystallographic slips, glide and shuffle, for both pristine graphene and impurity (i.e., B or N) 
doped graphene were computed using density-functional theory (DFT) calculations. B or N 
dopants of different concentrations were introduced into graphene either along or immediately 
neighboring the slip line. For the glide slip, the incorporation of substitutional B or N atoms 
along the slip line was shown to overall lower the GSFE curve, which is expected given the 
positive formation energies of B and N in graphene. Meanwhile the shape of the GSFE curve is 
also altered due to the presence of those dopants. In particular, N dopants along the slip line help 
stabilize the meta-stable stacking fault, attributed to their extra valence electrons that facilitate 
the formation of a triple bond, while on the contrary the meta-stable stacking fault is moderated 
or eliminated under B doping along the slip due to insufficient unpaired electrons for triple bond 
formation. In cases where dopants reside immediately neighboring the glide slip line, the GSFE 
curve is retained albeit the magnitude of GSFE changes due to the modified electron interactions 
with C-C bonding along the slip. On the other hand the shuffle slip does not exhibit a meta-stable 
stacking fault regardless of the presence of dopants. Similar to the glide slip, the presence of 
along-the-slip dopants overall lowers the GSFE curve, and dopants immediately neighboring the 
shuffle slip yield limited influence on the GSFE curve. One particular observation concerning the 
shuffle slip is that N doping (either along or immediately neighboring the slip line) leads to a flat 
plateau amidst the GSFE curve. In addition, one thing worth noting from our results is that in 
general the effects of doping on the GSFE are closely related to the dopant induced modification 
of the local charge density. This hints the possibility of engineering of the GSFE and 
subsequently dislocation slip through charge injection.  
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Based on the GSFE data, we showed that doping (particularly along the slip) can increase 
the spontaneous pair-annihilation distance for dislocation dipoles, providing a means to reduce 
dislocation densities in heavily deformed graphene. We also demonstrated that doping may 
affect the equilibrium splitting distance between dislocation partials, but not sufficient to drive 
actual core dissociation. The GSFE data then meshed with the Peierls-Nabarro (P-N) model to 
analyze dislocations within the continuum framework. The slip deformation was shown to be 
considerably facilitated with along-the-slip doing of B and N, but rather indifferent to doping 
neighboring the slip line. The present findings provide fundamental information on the effects of 
B and N doping on microscopic plasticity in graphene, and can be used to aid defect engineering 
in graphene-based materials.  
 
  
28 
 
ACKNOWLEDGEMENT  
We greatly thank the financial support from McGill Engineering Doctoral Award and 
National Sciences and Engineering Research Council (NSERC) Discovery grant (grant # RGPIN 
418469-2012). We also acknowledge Supercomputer Consortium Laval UQAM McGill and 
Eastern Quebec for providing computing power. 
  
29 
 
SUPPORTING INFORMATION AVAILABLE 
 Sample generalized-stacking-fault curves show the combinative effects of boron and 
nitrogen dopants on boosting the equilibrium distance between dislocation partials and reducing 
the Peierls stress for dislocation motion in graphene. This information is available free of charge 
via the Internet at http://pubs.acs.org.   
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